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SUMMARY
The coronavirus disease 2019 (COVID-19) pandemic underscores the need to better understand animal-to-
human transmission of coronaviruses and adaptive evolution within new hosts. We scanned more than
182,000 severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genomes for selective sweep signa-
tures and found a distinct footprint of positive selection located around a non-synonymous change (A1114G;
T372A) within the spike protein receptor-binding domain (RBD), predicted to remove glycosylation and in-
crease binding to human ACE2 (hACE2), the cellular receptor. This change is present in all human SARS-
CoV-2 sequences but not in closely related viruses from bats and pangolins. As predicted, T372A RBD bound
hACE2 with higher affinity in experimental binding assays. We engineered the reversion mutant (A372T) and
found that A372 (wild-type [WT]-SARS-CoV-2) enhanced replication in human lung cells relative to its putative
ancestral variant (T372), an effect that was 20 times greater than the well-known D614G mutation. Our find-
ings suggest that this mutation likely contributed to SARS-CoV-2 emergence from animal reservoirs or
enabled sustained human-to-human transmission.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2), the causative agent of coronavirus disease 2019 (COVID-

19), has caused over 155 million infections with at least 3.2

million deathsworldwide as of earlyMay 2021. The virus was first

described in late 2019 inWuhan, China, and quickly spread glob-

ally (Zhou et al., 2020b). SARS-CoV-2 is closely related to SARS-

CoV, which caused a more limited outbreak in several countries

in 2003 (Peiris et al., 2003; Rota et al., 2003); however, several

bat- and pangolin-derived viruses are even more closely related

to SARS-CoV-2, indicative of a zoonotic origin (Lam et al., 2020;

Xiao et al., 2020; Zhou et al., 2020a). Bat CoV RaTG13—origi-

nally isolated in China from Rhinolophus affinis bats in 2013—

shares 96% nucleotide identity with SARS-CoV-2 across the

genome and �97% amino acid identity in the Spike (S) protein,

which mediates receptor binding and membrane fusion and is

the key CoV determinant of host tropism (Graham and Baric,

2010). Similarly, several viruses found in Malayan pangolins
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(Manis javanica) are closely related to SARS-CoV-2, with up to

97.4% amino acid concordance in the receptor-binding domain

(RBD) of the S protein (Lam et al., 2020; Xiao et al., 2020). How-

ever, the exact origin andmechanism of cross-species transmis-

sion of the SARS-CoV-2 progenitor are still unknown.

In the past two decades, the emergence of SARS-CoV (Dros-

ten et al., 2003; Ksiazek et al., 2003; Peiris et al., 2003; Rota et al.,

2003) and Middle East respiratory syndrome CoV (MERS-CoV)

(Zaki et al., 2012) in humans and swine acute diarrhea syndrome

CoV (SADS-CoV) in pigs has highlighted the epidemic potential

of CoVs (Zhou et al., 2018). Typically, only modest changes to

a virus are required to initiate adaptation to a new host; for

example, only two amino acid changes were necessary to pro-

duce a dramatic difference in human adaptation in SARS-CoV

and MERS-CoV S proteins (Li et al., 2005; Yang et al., 2015).

This phenomenon is readily observed in other viruses. Ebola vi-

ruses’ human adaptation following spillover from bats was at

least partly mediated by a single alanine-to-valine mutation at

position 82 in the glycoprotein (Diehl et al., 2016; Urbanowicz
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Figure 1. Selective sweeps analysis

(A) Selective sweep regions (shown as red blocks)

identified in 182,792 SARS-CoV-2 genomes using

OmegaPlus (blue lines) and RAiSD (yellow lines).

The common outliers (0.05 cutoff, purple dots)

from the two methods were used to define selec-

tive sweep regions.

(B) Non-synonymous difference (Thr372Ala) be-

tween SARS-CoV-2 and four other Sarbecovirus

members found in the putative selective sweep

region (22,529–22,862).
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et al., 2016). Similarly, individual amino acid changes have been

associated with recent outbreaks of several RNA viruses: chi-

kungunya virus (Vazeille et al., 2007), West Nile virus (Ebel

et al., 2004; Moudy et al., 2007), and Zika virus (Liu et al.,

2017). Although an individual mutation that likely increases repli-

cation of SARS-CoV-2 in humans has been identified—a single

aspartic acid-to-glycine change at position 614 in the S protein

(Korber et al., 2020; Plante et al., 2021)—this occurred after

emergence into humans, and the genetic determinants of

SARS-CoV-2 expansion from an animal reservoir into humans

remain entirely unknown.

For a virus acquired recently through cross-species transmis-

sion, rapid evolution and a strong signature of positive selection

are expected. For example, several rounds of adaptive changes

have been demonstrated in SARS-CoV genomes during the

short SARS epidemic in 2002–2003 (Chinese SARS Molecular

Epidemiology Consortium, 2004; Yeh et al., 2004). However,

during its brief epidemic, SARS-CoV-2 has been characterized

by relatively low genetic variation, concealing signals of positive

selection and leading to contradictory reports of limited positive

selection (Cagliani et al., 2020), ‘‘relaxed’’ selection (Chaw et al.,

2020), or even negative (purifying) selection (Li et al., 2020; Lv

et al., 2020). However, these results are based on dN/dS tests

that are traditionally designed for eukaryotic interspecies com-

parisons and, thus, ill equipped to detect hallmark signatures

of positive selection in viral lineages with limited sequence diver-

gence (Kryazhimskiy and Plotkin, 2008). Here we employ highly

sensitive methods enabling detection of selective sweeps in

which a selectively favorable mutation spreads all or part of the

way through the population, causing a reduction in the level of

sequence variability at nearby genomic sites (Smith and Haigh,

2007). With high statistical power that leverages information

from more than 182,000 SARS-CoV-2 genomes, we demon-

strate that positive selection, manifested as selective sweeps

in Spike and several other regions, has likely played a critical

role in the adaptive evolution of SARS-CoV-2. Within one of

the selective sweep regions, we identify an amino acid change

that was fixed within the RBD of the S protein of all SARS-

CoV-2 sequences (S A372) but is different in closely related vi-
C

ruses from animal reservoirs (S T372).

Given the S protein’s role in CoV host

tropism, we hypothesized and experi-

mentally validated that this change in-

volves an adaptive mutation enhancing

replication in human lung cells and
increasing binding to human ACE2, which, in turn, could facilitate

more efficient human-to-human transmission. Our findings have

important implications for the origins of the COVID-19 pandemic

and identify regions under positive selection that could be tar-

geted for further analysis and interventions.

RESULTS

Selective sweeps analysis identified an S region with
high confidence from 182,792 sequences
OmegaPlus (Alachiotis et al., 2012) and RAiSD (Alachiotis and

Pavlidis, 2018) were used to find putative selective sweep re-

gions in 182,792 SARS-CoV-2 genomes downloaded from the

publicly available GISAID EpiCov database (https://www.

gisaid.org). Eight selective sweep regions were detected,

including four in ORF1ab and four in the S region (Figure 1; Table

1). The S protein plays an important role in the receptor recogni-

tion and cell membrane fusion process during viral infection.

Next we screened genomic sites in the Spike region that may

be involved in adaptive evolution of SARS-CoV-2 in the new

host by comparing the non-synonymous differences between

SARS-CoV-2 and four other Sarbecovirus members (one

pangolin CoV and three bat CoVs; STAR Methods). A total of

six such sites were identified (Table S1); notably, only a single

site (A1114G, genomic position 22,676; Figure 1B) was centrally

located in one of the sweep regions; this is within the codon po-

sition 372 of the S protein. The amino acid threonine in this posi-

tion of the four Sarbecovirus members was substituted with

alanine (Thr372Ala) in human SARS-CoV-2. Of the 182,792

SARS-CoV-2 genomes, no sequence polymorphism was found

in this position (G1114), suggesting rapid fixation of this mutation

via sweep. The alternative, putatively ancestral CoV variant

(A1114) was perfectly conserved in Sarbecovirus members

from bats and pangolins.

Structure-based analysis of SARS-CoV-2 S protein
variants
Comparative molecular modeling of wild-type (WT) (A372,

SARS-CoV-2), T372, and G614 S protein was performed to
ell 184, 4392–4400, August 19, 2021 4393
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Table 1. Putative sweep regions (the region containing the S

G1114A position is bolded).

Start End

Codon position

in gene Annotation Score

7,445 7,711 2,394–2,482 ORF1ab/NSP3 0.98

8,426 8,542 2,721–2,759 ORF1ab/NSP3 1

12,978 13,350 4,238–4,362 ORF1ab/NSP10 0.99

14,907 15,027 4,881–4,921 ORF1ab/NSP12 0.96

22,529 22,862 323–434 S 0.97

23,132 23,196 524–545 S 1

24,225 24,319 888–919 S 0.69

24,456 24,712 965–1,050 S 1
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connect the selective sweep G1114A mutation to structural

data (Figure 2). The S D614G mutant was included because it

now predominates worldwide and has been associated with

higher titers in nasopharyngeal swabs in humans and increased

replication in human cells and hamsters (Korber et al., 2020;

Plante et al., 2021). Structures were energy minimized after mu-

tation and analyzed for changes in ACE2 binding and probabil-

ity of N-linked glycosylation sites as a result of mutation. An

increased probability of N-linked glycosylation at N370 was

observed in the T372 variant (Figures 2A–2C), given that muta-

tion to a threonine provided a standard N-linked glycosylation

site motif (NXT/S) and the solvent-accessible surface area of

N370 (Figures 2D and 2E). This site has been identified previ-

ously to be glycosylated in SARS-CoV (N357) with a complex

glycan (Watanabe et al., 2020a) but not in SARS-CoV-2 (Wata-

nabe et al., 2020b). No glycosylation site was predicted at

N370 in the WT S protein. To further probe, in a simple model,

the effect of the predicted glycosylation site at N370 as a result

of the presence of a threonine at position 372 of S protein,

N370 was glycosylated with an N-acetylglucosamine (GlcNAc)

glycan and energy minimized on the T372 S protein model to

observe any minor, local side chain readjustment as a result

of a simple N-glycan presence. A simple glycosylation

(GlcNAc), not a complex multi-unit mannose and GlcNAc

glycan, was used in this work to mimic the resolved structure

glycosylation and bound state to ACE2. N370 glycosylation of

T372 S protein occurs in close structural proximity to the

essential glycosylation site of N343 (Casalino et al., 2020),

further providing additional N-glycan shielding of the RBD (Fig-

ure 2A). Surface maps also reveal an additional space-filling

and polar surface that is now occupied by the N370 N-glycan

(Figures 2B and 2C). Additionally, molecular mechanics gener-

alized born surface area (MM/GBSA) free energy of binding of

ACE2 to S protein was calculated for WT, T372, and N370-gly-

cosylated T372 S protein. Free energy of binding of ACE2 to

WT S protein showed a very negative, favorable relative binding

affinity (�180.503 kcal/mol), whereas free energy of binding of

ACE2 to the putatively ancestral T372 variant and N370-glyco-

sylated T372 variant was less negative and favorable

(�95.7685 kcal/mol and �76.401 kcal/mol, respectively), high-

lighting that, although the glycosylation at N370 is not in close

proximity (>10 Å) of the receptor-binding motif (RBM), it influ-

ences the RBD of S protein and its potentiality of binding
4394 Cell 184, 4392–4400, August 19, 2021
ACE2. Structural analysis of G614 did not indicate any major

local modifications to the structure of S protein nor its proximity

to the RBD. Additionally, residue 614 is in close proximity to a

glycosylation site (N616), but G614 did not change the proba-

bility of glycosylation or general surface properties compared

with D614.

SARS-CoV-2 S A372T reduces binding to human ACE2
We next sought to experimentally validate our molecular

modeling data using functional ELISA. We probed hACE2 with

RBDs from WT (A372), A372T, and N501Y as a positive control;

D614G could not be used because it is not within the RBD. The

N501Ymutation is present in several variants of concern and has

been shown previously to increase binding to hACE2 (Collier

et al., 2021; Laffeber et al., 2021; Liu et al., 2021). As expected,

50% effective dose (EC50) values were lower for the N510Y

mutant (5.83 ± 0.94 ng/mL; Figure 3A) than the WT (12.48 ±

1.26 ng/mL), indicating a stronger binding affinity for hACE2. In

contrast, EC50 values were markedly higher for the A372T

mutant (26.29 ± 0.08 ng/mL), consistent with our molecular

modeling data suggesting a weaker interaction with hACE2

compared with the WT. EC50 values compared directly showed

robust differences between the WT and A372T or N501Y (Fig-

ure 3B; both p < 0.0001 by one-way ANOVA with Dunnett’s mul-

tiple comparisons test). These results suggest that the S T372A

mutation that occurred in the SARS-CoV-2 ancestral virus

enhanced affinity to hACE2.

SARS-CoV-2 S A372 enhances replication in human
lung cells
Here we sought to define the effect of the S T372A mutation on

viral replication in human cells. We used an infectious clone of

WT SARS-CoV-2 (A372) to revert to the ancestral residue

(T372) using a bacterium-free cloning approach we developed

previously to prevent bacterial toxicity associated with manipu-

lating unstable viral genomes in bacteria (Bates et al., 2021;

Weger-Lucarelli et al., 2018). For clarity, we will refer to the

mutant as A372T because we reverted WT SARS-CoV-2

(A372) to its ancestral form (T372). Concurrently, we generated

the S D614G mutant, which increases replication in human cells

(Plante et al., 2021). Both mutants were constructed in an infec-

tious clone originally produced in yeast (Thi Nhu Thao et al.,

2020) of an early SARS-CoV-2 strain, 2019-nCoV BetaCoV/Wu-

han/WIV04/2019 (Zhou et al., 2020b). A schematic of the A372T

mutant is presented in Figure 4A; although not depicted, the

D614G mutant was made by replacing the WT codon (GAT)

with the glycine-encoding codon (GGC). Following virus rescue,

viral plaque morphology on Vero E6 cells was similar for all three

viruses, although the A372T mutant plaques appear slightly

smaller (Figure 4B).

We next evaluated the replication kinetics of each virus—WT,

S A372T, and S D614G—in Vero E6 and Calu-3 cell lines, mon-

key kidney and human lung epithelial cell lines, respectively.

Following infection in Vero E6 cells, viral titers rose rapidly for

all three viruses, and only minor differences in peak titers were

observed among the viruses (Figure 4C). In Calu-3 cells, the

D614G mutant produced significantly higher titers than WT

1 day post-infection (dpi), but levels were similar for the



Figure 2. Structure-based analysis of SARS-CoV-2 S protein variants

(A) Visualization of the T372 and D614Gmutants. The structure of S protein (PDB: 7A94) is displayed as a cartoon and colored by RBD (green), N-terminal domain

(NTD; orange), central helix (CH;blue), FP (yellow), and connector domain (CD;pink). Glycans are displayed as spheres colored hot pink. The top panel shows the

WT (A372) and T372 mutant, the center panel displays a glycosylated N370 T372 S protein with various rotamers of the GlcNAc-glycosylated N370, and the

bottom panel shows the WT and G614 mutant.

(B and C) Surface map of theWT S protein (B) and the N370-glycosylated T372 S protein (C), colored by the residue side-chain properties: green for hydrophobic,

blue for positively charged, red for negatively charged, teal for polar uncharged, and gray for neutral.

(D) Predicted N-glycosylated residues identified by Schrödinger-Maestro’s BioLuminate (v.2020-2) Reactive Residue package with percent solvent-accessible

surface area (SASA) exposure of each residue.

(E) Predicted N-glycosylated residues identified by the NetNGlyc 1.0 server with the probability of being glycosylated.
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remaining time points (Figure 4D; p = 0.0066 by 2-way ANOVA

with Dunnett’s correction at 1 dpi). No differences were

observed 24 h after infection between theWT and A372Tmutant,

but later time points showed amarked reduction in replication for
the A372Tmutant (p = 0.0033, p < 0.0001, and p < 0.0001 for 2, 3,

and 4 dpi, respectively). Compared with the WT, D614G had

modest differences of 2.9-, 2.9-, 1.3-, and 0.8-fold in viral titers

1, 2, 3, and 4 dpi, respectively; in contrast, compared with the
Cell 184, 4392–4400, August 19, 2021 4395
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A B Figure 3. Decreased binding of the A372T

mutant to human ACE2

(a) Functional ELISA was used to determine the

binding affinity of different S protein receptor-

binding domains (RBDs). Plates were coated with

recombinant human ACE2 receptor (2 mg/mL at

100 mL/well) and then probed with varying concen-

trations (0.256–4000 ng/mL) of purified RBDs from

WT SARS-CoV-2 (S A372), A372T, and N501Y

(positive control). To determine EC50 values, the

absorbance values (450 nM) were fit to a sigmoidal,

4PL nonlinear model using Prism 9 (GraphPad). The

experiment was repeated in two independent rep-

licates with four total technical replicates per sam-

ple. Error bars represent standard deviation of the

mean.

(B) The EC50 values were compared by one-way

ANOVA with Dunnett’s multiple comparisons test.

****p < 0.0001 compared with WT SARS-CoV-2

(A372). Error bars represent standard deviation of

the mean.
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WT, A372T titers were 1.8-, 5.5-, 31.1-, and 64.1-fold lower 1, 2,

3, and 4 dpi, respectively (Figure 4D). These data indicate that an

alanine at S position 372 confers a robust fitness advantage over

several time points in human lung cells and that this effect is

considerably more substantial than the change at position 614.

Based on structural analysis, others have postulated that the

SARS-CoV-2 S trimer would have higher thermal stability than

the S of bat virus RaTG13 (Wrobel et al., 2020). To determine

whether A372T altered SARS-CoV-2 thermal stability, we incu-

bated 105 plaque-forming units (PFUs) of WT SARS-CoV-2,

D614G, or A372T at room temperature (�25�C) or 37�C to mimic

environmental and human body temperature, respectively.

A372T titers did not differ significantly from the WT at any time

point for temperature (Figures 4E and 4F). Following 48-h incu-

bation at room temperature, the titer of D614G was higher than

that of WT SARS-CoV-2 (p = 0.0303), which is consistent with

a previous report (Plante et al., 2021).

DISCUSSION

COVID-19 has now claimed the lives of more than 3.2 million

people worldwide, dwarfing the number of deaths caused by

SARS-CoV (774; Cherry, 2004) and MERS-CoV (858; Memish

et al., 2020). Although phylogenetic and epidemiological data

suggest a zoonotic origin for SARS-CoV-2, little is known about

the viral mutations that likely occurred to adapt the virus to hu-

man transmission. The SARS-CoV-2 progenitor would have

likely required new adaptations to sustain human-to-human

transmission—a process that likely included a strong positive

selection event, favoring the viruses with the greatest replication

in the human respiratory tract. Here we identified a region in the

Spike gene with a strong signal of such an event—a selective

sweep—from over 180,000 SARS-CoV-2 genomes. Within this

region, present in the RBD, we identified a non-synonymous sin-

gle-nucleotide polymorphism (SNP) that is fixed in all SARS-

CoV-2 genomes sequenced to date, whereas an alternative,

and presumably ancestral SNP, is fixed in the other members

of the Sarbecovirus lineage.
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Residue 372 lies within the RBD (Figure 2A), which mediates

viral entry through the human ACE2 receptor (Zhou et al.,

2020b). Although positioned adjacent to the ACE2 interface of

the RBD, the presence of an alanine at position 372 (A372) is pre-

dicted to remove a glycosylation site present at the asparagine at

position 370 (Figures 2D and 2E;Wrobel et al., 2020). Indeed,mo-

lecular modeling of GlcNAc at N370 in an open conformation of

T372 S protein shows a highly solvent accessible glycan site (Fig-

ure2). In theclosedconformationofT372, theN370glycansitebe-

comes less solvent exposed and further fills a solvent-accessible

region on the outer edge of the RBD. Additionally, N-Glycans are

known to modulate the RBD of S protein, with glycans at position

N165 and N234 influencing the open/closed metastable confor-

mation states of the RBDandN-glycans at N331 andN343 having

more of a shielding role of the RBD itself, regardless of state (Ca-

salino et al., 2020). N370 glycosylation is in close structural prox-

imity of the N-glycan site at N343 and is in relative distance to

the RBM and RBD/ACE2 interface (Figures 2A–2C). Free energy

of binding of ACE2 to S protein indicates a decrease in relative

binding affinity of ACE2 to S protein in the N370-glycosylated

T372 variant compared with the WT (�76.401 kcal/mol versus

�180.503kcal/mol, respectively).Molecular dynamics (MD) simu-

lations of the S protein glycan shield have shown to be a key influ-

ence on the transition between the open and closed states in the

RBD (Casalino et al., 2020). The effect of glycosylation and,

more importantly, complex glycosylation ofN370 on the structural

morphologyanddynamicsofSproteinwill need tobe investigated

further to determine whether it influences the structural state in a

similar manner. Recent work confirms the simplistic models pro-

posed here by using MD simulation (MDS) to probe the influence

of N370 glycosylation on the open/close confirmation of the

RBD. Harbison et al. (2021) show that, although glycosylation at

N370 stabilized the openS protein conformation, N370 glycosyla-

tionpromoted increased interactionsbetweenadjacentRBDs that

ultimately improved and strengthened the closed state of the

RBDs, proposing that the presence of the N370 glycan favors

the closed state as opposed to the WT non-glycosylated N370.

Wedetermined experimentally that the RBD from the T372 variant
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Figure 4. A372T substitution decreases

SARS-CoV-2 replication on human lung

epithelial cells

(A) The S T372 SARS-CoV-2 mutant was gener-

ated by making a single G-to-A substitution. The

mutant nucleotide is presented in red, and the

altered codon is highlighted in a yellow box.

(B) Plaque morphology of WT and mutant viruses.

Plaqueswere visualized 2 days post-infection (dpi)

on Vero E6 cells.

(C and D) Viral replication on Vero E6 (C) and Calu-

3 (D) cells following infection at anMOI of 0.05. The

sample at 0 dpi was collected immediately after

infection to ensure cells were exposed to similar

levels of virus, and then samples were collected at

24-h intervals.

(E and F) Kinetics of thermal stability. A solution of

105 PFU of each virus was incubated at the indi-

cated temperature for different lengths of time.

Infectious virus was measured by plaque assay on

Vero E6 cells.

Statistical comparisons weremade using two-way

ANOVA with Dunnett’s multiple comparisons test.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Error bars represent standard deviation of

the mean.
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bound hACE2 with lower affinity than WT SARS-CoV-2 RBD

(A372; Figure 3); thus, open-close conformational dynamics

cannot fully account for the difference in binding strength between

WT and T372 S. Interestingly, SARS-CoV S has T372 in its S pro-

tein, suggesting that other residuesmay perform similar functions

for other CoVs (Harbison et al., 2021).

Using a reverse genetics system to generate a SARS-CoV-2

mutant containing the putative ancestral SNP, we show that

the A372T S mutant virus replicates over 60-fold less efficiently

than WT SARS-CoV-2 in Calu-3 human lung epithelial cells (Fig-

ure 4d). Further, growth of the A372T S mutant was reduced

greatly for multiple days, which may be indicative of an effect

on viral shedding kinetics in humans. We also generated the

D614G S mutant here—reported widely to increase SARS-

CoV-2 infectivity (Korber et al., 2020)—which only increased viral

titers by amaximumof 2.9-fold in Calu-3 cells comparedwith the

WT, a finding that is consistent with previous results (Plante et al.,

2021). We also observed slight attenuation for the A372T S

mutant in Vero E6 cells (3.8-fold lower titers compared with the

WT 2 dpi). The large replication differences between the two

cell lines suggest a cell-specific mechanism of attenuation. In

fact, besides their species of origin, Calu-3 and Vero E6 cells
C

differ in several important aspects. First,

Vero E6 cells are deficient in type 1 inter-

feron signaling (Desmyter et al., 1968),

which inhibits SARS-CoV-2 replication

(Felgenhauer et al., 2020; Mantlo et al.,

2020). However, the S protein is not

known to antagonize interferon (IFN) pro-

duction, and, therefore, IFN is unlikely to

drive the differences observed here.

Additionally, the S protein requires host-

mediated proteolytic cleavage to un-

dergo fusion, which can be driven by
several proteases, including TMPRSS2 at the cell surface and

cathepsins B and L (CatB/L) in endosomes (Hoffmann et al.,

2020). Calu-3 cells express low levels of cathepsins but high

levels of TMPRSS2, suggesting a TMPRSS2-dependent entry

mechanism in Calu-3 cells (González-Hernández et al., 2019).

In contrast, SARS-CoV-2 infection of Vero E6 cells is CatB/L

dependent (Hoffmann et al., 2020). Clinical isolates of CoVs pre-

fer entry through TMPRSS2 as opposed to CatB/L (Shirato et al.,

2016, 2018); accordingly, Calu-3 cells mimic the human environ-

ment closely in terms of S protein priming. These data hint that,

along with decreased receptor-binding, inefficient TMPRSS2

cleavage of A372T S could at least partially mediate the attenu-

ation we observed. Host proteases have been implicated in

cross-species transmission of MERS-CoV from bats to humans

(Yang et al., 2014). Hence, it will be important for future studies to

define the importance of TMPRSS2-mediated cleavage of the S

protein in the context of these mutations.

We did not observe large temperature stability differences be-

tween viruses here. A previous report predicted that the SARS-

CoV-2 S protein would have higher thermal stability than that of

batCoVRaTG13 (Wrobel et al., 2020); however, it doesnot appear

that the residue difference at position 372 dictates this difference.
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It may also be that differences would have been observed at

different time points or temperatures; nonetheless, these data

suggest that thermal stability is not a likely driving factor in emer-

gence of the variants at position 372 or 614 in the S protein.

Our data supply solid evidence that S protein residue 372 is

critical for replication in human cells. The fact that this site is

not polymorphic in more than 180,000 SARS-CoV-2 sequences

further underscores its importance. The threonine-to-alanine

change may have enabled the putative ancestral virus to repli-

cate more efficiently in human cells, possibly enabling efficient

human-to-human transmission. Although other studies have

identified evidence of positive selection in SARS-CoV-2 (Cagliani

et al., 2020; Korber et al., 2020; Velazquez-Salinas et al., 2020),

these studies are entirely computational or use pseudotyped vi-

ruses. Although useful information can be obtained using pseu-

dotyped viruses, they typically express only the S protein;

consequently, they do not fully recapitulate the viral life cycle,

including interactions between different viral proteins and the

host, and cannot complete an entire viral replication cycle.

Plante et al. (2021) used a reverse genetics system to generate

the D614G S protein mutant and showed increased replication

in cell culture and hamsters, highlighting the utility of using a

live virus to characterize critical viral mutations. Our use of a

live virus enables future studies in hamster or ferret models

that recapitulate human-to-human transmission (Chan et al.,

2020; Kim et al., 2020; Richard et al., 2020; Sia et al., 2020).

Limitations of the study
The OmegaPlus and RAiSD programs we used to identify selec-

tive sweepshavenot beenoptimizedonviral genomes; therefore,

caution should be exercised when considering experimentally

unvalidated candidate sites. Although the experimental data pre-

sented here clearly demonstrate the dramatic effect of the S pro-

tein A372T mutation on SARS-CoV-2 replication in human lung

cells, we cannot definitively conclude that it enabled efficient hu-

man-to-human transmission or that it was necessary for cross-

species transmission. Our findings suggest, though, that efficient

replication of SARS-CoV-2 in a human would be unlikely with a

threonine at S protein position 372, from which we could infer

that transmission would be equally unlikely. Because the true pu-

tative SARS-CoV-2 ancestor has not been isolated, it is impos-

sible to know when this mutation may have arisen. Phylogenetic

estimates suggest that SARS-CoV-2 emerged in late November

2019 to early December 2019 (Rambaut, 2020), but the first

known case was not detected until December 1, 2019 (Huang

et al., 2020). However, this case had no connection to theHuanan

seafoodmarket, indicating that transmissionwas ongoing before

early December or that the seafoodmarket is not the origin of the

pandemic but, rather, a spreading point. Although it is impossible

to know SARS-CoV-2’s exact emergence date, it seems likely

that transmission occurred unnoticed for some period of time,

providing a window for SARS-CoV-2’s ancestor to adapt to hu-

man replication.
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A372T bacteria-free clone This paper A372T SARS-CoV-2 clone

pRS313: yeast cloning vector Sikorski and Hieter, 1989 pRS313

pRS313-T7-N This paper N/A

Software and algorithms

Minimap 2 Li, 2018 https://github.com/lh3/minimap2

MAFFT Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/

OmegaPlus Alachiotis et al., 2012 https://cme.h-its.org/exelixis/web/

software/omegaplus/index.html

RAiSD Alachiotis and Pavlidis, 2018 https://github.com/alachins/raisd

Schrödinger-Maestro (v. 2020-2) software N/A https://www.schrodinger.com/products/maestro
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REAGENT or RESOURCE SOURCE IDENTIFIER

PyMOL Schrödinger, LLC, 2015 https://www.schrodinger.com/products/pymol

NetNGlyc 1.0 Server Julenius 2007 http://www.cbs.dtu.dk/services/NetNGlyc/

Graphpad Prism version 9 GraphPad https://www.graphpad.com/

Other

SARS-CoV-2 sequences GISAID Database https://www.gisaid.org/

ll
Article
RESOURCE AVAILABILITY

Lead contact
Requests for information or reagents and resources should be directed to and will be fulfilled by the Lead Contact, James Weger-

Lucarelli (weger@vt.edu).

Materials availability
SARS-CoV-2 mutants generated here are available on request. No materials transfer agreement is necessary.

Data and code availability
All data and code can be requested by contacting the lead author or the co-corresponding author (Pawel Michalak;

pmichalak@vcom.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and growing conditions
Vero E6, monkey kidney cells (ATCC CRL1586), and Calu-3, human lung epithelial cells (ATCC HTB-55) were purchased from ATCC.

Vero E6 were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) containing 5% fetal bovine serum (FBS; R&D Systems),

gentamicin (50 mg/mL), 10 mM HEPES, and 1x nonessential amino acids (NEAA). Calu-3 cells were grown in DMEM with the same

additives except with 20% FBS. All cell lines were held in a humidified incubator at 37�C with 5% CO2.

Virus strains
Infectious SARS-CoV-2 strain 2019-nCoVBetaCoV/Wuhan/WIV04/2019 was recovered from a previously described infectious clone

(Thi Nhu Thao et al., 2020). The viral rescue procedure is described under

Authentication
Sequences were confirmed by Sanger sequencing of virus stocks. Only virus direct from transfection (p0 stock) was used for further

characterization. Virus titers were assessed by plaque assay on Vero E6 cells.

Ethics and biosafety
The generation of recombinant SARS-CoV-2 was approved by the Institutional Biosafety Committee at Virginia Tech. All studies with

live infectious SARS-CoV-2 or mutant viruses were performed in an approved BSL3 facility following CDC and NIH guidelines. Re-

searchers manipulating live virus wore an N95 respirator or Powered Air Purifying Respirators (PAPR) as approved by the IBC.

METHOD DETAILS

Putative Selective Sweep Region Detection
A total of 182,792 complete SARS-CoV-2 genomes from the human host (low coverage genomes with N’s > 5%were excluded) were

downloaded from the GISAID EpiCov database (https://www.gisaid.org/) as of Nov. 11, 2020. Sequences were first aligned to SARS-

CoV-2 reference (NCBI Reference Sequence/NC_045512.2) using Minimap2 (Li, 2018) (with default parameters other than ‘-ax

asm50). Sequences with aligned lengths less than 20,000 were excluded from the analysis. The 136,114 remaining sequences

were then aligned by using MAFFT (Katoh and Standley, 2013). OmegaPlus (Alachiotis et al., 2012) and RAiSD (Alachiotis and Pavli-

dis, 2018) were used for sweep region detection, and the SARS-CoV-2 isolate Wuhan-Hu-1 genome (NC_045512.2) was used as an

outgroup. OmegaPlus was performed with the following parameters: the minimum andmaximumwindows to be used for computing

linkage disequilibrium values between SNPs were set to be 100bp and 1,000bp, respectively (-minwin 100 -maxwin 1000); the num-

ber of omegas to be computed in the alignment was set to be approximately the number of SNPs found among SARS-CoV-2 ge-

nomes (-grid 20000). RAiSD was executed with the following parameters: ploidy was set to 1 (-y 1); the total number of evaluation
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points across the data was set to be approximately the number of SNPs found among SARS-CoV-2 genomes (-G 20000); imputation

of missing data was enabled (-M 1; per SNP); the sliding window size for m statistic was set to be 50bp (-w 50). The common-outlier

method integrated into RAiSD was used to identify the overlapped positions reported by both methods, setting the cut-off threshold

of 0.05 (-COT 0.05) and the maximum distance between outliers of 100 (-COD 100). Finally, the common outliers were manually

grouped into eight regions with the size of each region greater than 50 bp. The scores of identified putative sweep regions were ob-

tained by the resampling process. For each resample, 60% of SARS-CoV-2 genome sequences were randomly selected from the

original pool, followed by the sweep detection process via OmegaPlus and RAiSD described above. The resampling was repeated

100 times, and the proportion of the 100 resamples supporting a sweep region was assigned as the score of that sweep region. To

test if the UK sample dominance (about 40% of samples in the GISAID database were from the UK) introduces bias to the results, we

ran our pipeline on a subset excluding samples collected from theUK, and the identified selective sweep regions of this subset largely

overlapped with that of using the full dataset (Table S2). Four genome sequences (Pangolin coronavirus isolate PCoV_GX-P5L: Gen-

Bank/MT040335.1; Bat coronavirus RaTG13: GenBank/ MN996532.2; Bat SARS-like coronavirus isolate Rs4231: GenBank/

KY417146.1; Bat coronavirus BtRs-BetaCoV: GenBank/MK211376.1) were used to assess the nucleotide changes among different

Sarbecovirus members.

Molecular Modeling and Free Energy of Binding Calculations
Glycosylated S protein structure was downloaded from the RCSB Protein Data Bank (PDB ID: 7A94 (Benton et al., 2020)) and was

energy minimized using Schrödinger-Maestro (v. 2020-2) software (Schrödinger, LLC, 2020). The S protein was mutated using Py-

MOL (Schrödinger, LLC, 2015) to the D614G and A372T S protein variants. After mutation, energy minimization was performed using

the OPLS3e force field. To identify glycosylation propensity and predicted glycosylated residues of the WT S protein and the A372T

mutant, the NetNGlyc 1.0 Server (Julenius, 2007) and Schrödinger-Maestro’s BioLuminate (v. 2020-2) Reactive Residue package

was used (Beard et al., 2013; Salam et al., 2014; Zhu et al., 2014). Schrödinger-Maestro’s (v. 2020-2) Workspace Operations was

used for glycosylation of the Asn370 with N-Acetylglucosamine to identify various Asn370-glycan rotamers and to analyze the sur-

face residue properties of the WT S Protein and A372T mutant. Molecular Mechanics/Generalized Born Surface Area (MM/GBSA)

binding free energy was calculated using Schrödinger-Maestro’s (v. 2020-1) Prime Package (Jacobson et al., 2002, 2004). Structures

were visualized using PyMOL.

Nucleoprotein expression construct
Homologous recombination was used to make the N gene expression plasmid in yeast. The Saccharomyces cerevisiae strain

YPH500 (MATa ura3-52, lys2-801, ade2-101, trp1-D63, his3-D200, leu2-D1) was used for homologous recombination. All yeast cells

were grown at 30�C in a synthetic defined (SD) medium containing 2% glucose as the carbon source. Histidine was omitted from the

growthmedium tomaintain plasmid selection. To construct the nucleoprotein expression vector, pRS313was linearized by digestion

with BamHI and XbaI to serve as the backbone. The PCR-amplified N gene product was cloned into pRS313 by homologous recom-

bination in yeast cells. PlasmidDNAwas extracted from the yeast colonies that grew onSD-His plate and then transformed intoE. coli

for amplification. The construct pRS313-T7-N was sequencing-confirmed with the correct coding sequence of the N gene and ex-

pected junction sites where the N gene is inserted downstream of the T7 promoter and upstream of the EcoRI site. The primers used

for cloning were: Forward: 50 gtaaaacgacggccagtgaattgtaatacgactcactatagATGTCTGATAATGGACCCC 30 and Reverse: 50

cctcgaggtcgacggtatcgataagcttgatatcgaattcTTAGGCCTGAGTTGAGTCAG 30 where uppercase letters represent the sequences of

N gene, and lowercase letters are from vector sequences.

Bacteria-free cloning (BFC) and site-directed mutagenesis (SDM)
SDMwas performed using BFC, starting with the yeast clone as a template (Thi Nhu Thao et al., 2020). Primers for mutagenesis were

obtained from Integrated DNA Technologies (IDT). PCRs were performed using Platinum SuperFi PCR Master Mix (Invitrogen) or re-

pliQa HiFi ToughMix (Quantabio). Amplicons were purified from a GelGreen nucleic acid stained-gel (Biotium) using the NucleoSpin

Gel and PCR clean-up kit (Macherey-Nagel). Gel-purified amplicons were then assembled using NEBuilder HiFi DNA Assembly Mas-

ter Mix at a 1:1 molar ratio for each DNA fragment and incubated at 50�C for two hours. To confirm that no parental yeast clone was

carried through the process, we included a control containing the DNA fragments but no assembly mix; this was then treated iden-

tically to the other samples for the remainder of the process. The assembly was then digested with Exonuclease I, Exonuclease III,

and DpnI (all from NEB) to remove single-stranded DNA, double-stranded DNA, and bacterial-derived plasmid DNA, respectively;

note, in this case, DpnI was not strictly necessary because yeast-derived plasmids are resistant to DpnI-cleavage (Chattopadhyay

et al., 2005); however, it was included for consistency with our previous studies (Weger-Lucarelli et al., 2018). We then amplified the

circular product using the FemtoPhi DNA Amplification (RCA) Kit with Random Primers (Evomic Science) at 30�C for 16 hours.

Virus rescue
RCA reactions were linearized with EagI-HF (NEB) and then column purified (Macherey-Nagel). The N expression plasmid was line-

arized using EcoRV-HF (NEB). Capped-RNA was produced using the mMESSAGE mMACHINE T7 Transcription Kit (Invitrogen) by

overnight incubation (�16 h) at 20�C using 2-3 mg of DNA. We used this lower temperature to obtain more full-length transcripts

(Krieg, 1990). Reactions for full-length viral transcripts were supplemented with an additional 4.5 mM of GTP. We electroporated
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the RNA transcripts into a mixture of Vero E6 (75%) and BHK-21 (25%) cells containing a total of 2x107 cells per electroporation (Thi

Nhu Thao et al., 2020). The Bio-Rad Gene Pulser Xcell Electroporation System was used with the following conditions: 270 V, resis-

tance set to infinity, and capacitance of 950 mF (Xie et al., 2020). Before pulsing, the cells were washed thoroughly and then resus-

pended in Opti-Mem (Invitrogen). Following a single pulse, cells were allowed to incubate at room temperature for 5 minutes, and we

then added fresh growth media before seeding a T-75 flask and placing it at 37�C with 5% CO2. The cells were monitored daily, and

the supernatant was harvested at 25% CPE.

Plaque assays and growth curves
Viral titration was performed on Vero E6 cells by plaque assay. Briefly, serial ten-fold dilutions of each sample were made and then

added to confluentmonolayers of Vero E6 cells. An overlay containing 0.6% tragacanth gum (Millipore Cat# 104792) was then added;

plaques were visualized following formalin fixation and staining with crystal violet. For growth curves, Vero E6 and Calu-3 were in-

fected at a multiplicity of infection (MOI) of 0.05 with each virus. Following one hour of infection, we removed the virus inoculum,

washed once with 1x PBS, and added fresh growth media. We then collected supernatant as the 0-day time point and daily after

that until 50% cytopathic effect (CPE) was observed, each time replacing the volume taken with fresh growth media. Infectious virus

was measured by plaque assay on Vero E6 cells.

Temperature stability
A virus stock containing 105 PFU of each virus was prepared in RPMI-1640 containing 2% FBS and 10 mM HEPES. The virus stock

was aliquoted into tubes in triplicate or quadruplicate for each time point; a 0-hour time point was collected immediately and stored at

�80�C for normalization. At each time point, we placed a subset of the tubes at�80�C for storage until virus titration by plaque assay.

The remaining virus was calculated by dividing the individual titers at each time point by the average of the viral titer at the 0-hour

time point.

Functional ELISA
Functional ELISA was performed by Sino Biological (Wayne, PA) using purified RBD fromWT (Cat: 40592-V08H), A372T (Cat: 40592-

V08H36), and N501Y (Cat: 40592-V08H82). RBDs were expressed in HEK293 cells and purified using the polyhistidine tag at the C

terminus. Purity was > 85% as measured by SDS-PAGE. The functional ELISA was performed by immobilizing hACE2 protein (Cat #

�10108-H05H) at 2 mg/mL (100 mL/well) in PBS, pH 7 at 4�C overnight. The wells were then blocked for one hour in 2% bovine serum

albumin in PBS containing 0.1% Tween-20 (PBST). We then probed with varying concentrations of RBD (0.256-4000 ng/mL) diluted

in PBST containing 0.1%BSA for one hour. Next, we added goat anti-His tagmAb/HRPdiluted to 0.2 mg/mL in PBST containing 0.5%

BSA for one hour. Finally, TMB substrate was added, incubated for 20 minutes at room temperature, and then the reaction was

stopped with 50 mL of 2 M H2SO4. Absorbance values were measured at 450 nm. EC50 values were determined by fitting the absor-

bance values to a Sigmoidal, 4PL nonlinear model using Prism 9 (GraphPad). The experiments were performed in two independent

replicates with a total of four technical replicates per group. Statistical comparisons were made using a one-way ANOVA with Dun-

nett’s multiple comparisons test compared to WT SARS-CoV-2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in Prism version 9 (GraphPad). Viral titers were compared to WT using a two-way ANOVA with

Dunnett’s multiple comparisons test; a p value of less than 0.05 was considered significant. The detection limit for our plaque assays

is 2.3 log10 PFU/mL; however, negative values were given an arbitrary value of 0.9 plaques for a ten-fold diluted sample, which cor-

responds to 2.26 log10 PFU/mL.
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